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Effective gauge fields arise in the description of the dynamics of defects in lattices of graphene
in condensed matter. The interactions between neighboring nodes of a lattice/spin-network are
described by the Hubbard model whose effective field theory at long distances is given by the Dirac
equation for an emergent gauge field. The spin-networks in question can be used to describe the
geometry experienced by a non-inertial observer in flat spacetime moving at a constant acceleration
in a given direction. We expect such spin-networks to describe the structure of quantum horizons
of black holes in loop quantum gravity. We argue that the abelian and non-abelian gauge fields of
the Standard Model can be identified with the emergent degrees of freedom required to describe the
dynamics of defects in symmetry reduced spin-networks.
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I. INTRODUCTION
The debate in Quantum Gravity rages around the ques-
tion of Lorentz invariance and its manifestations or lack
thereof in the various approaches towards unification
such as string theory and loop quantum gravity. In
string theory the problem is that of recovering general
diffeomorphism invariance from a quantum theory for ex-
tended objects embedded in a given classical background
geometry such as Minkowski, deSitter or anti-deSitter
spacetime. From the quantum geometry perspective fa-
vored by LQG, the very notion of Lorentz invariance
becomes suspect at scales at which quantum geomet-
ric effects start to become important. Below the scale
at which the discreteness of geometry observables such
as area and volume becomes significant, it is not clear
how one can define the action of Lorentz transformations.
The Lorentz group describes the symmetry of a contin-
uum geometry. In a discrete setting such as that of the
spin-networks of LQG the Lorentz group should be su-
perseded by a discrete group. Then the challenge would
∗Electronic address: dvaid79@gmail.com
be to show how under a suitable coarse-graining, the dis-
crete symmetries will approach those of the continuous
Lorentz group.
Of equal or perhaps greater importance is the challenge
of understanding how one can embed the Standard Model
of particle physics in a discrete spin-network background.
In LQG we associate spins living in representations of
su(2) with the edges of a graph and intertwiners with
its nodes, which allow us to sum all the edges com-
ing into a given node. In theory there is nothing that
prevents us from repeating this construction for any ar-
bitrary gauge group. An obvious thought, then, is to
extend the spin-network gauge group from SU(2) to
SU(3) × SU(2) × U(1), so that the “spins” can now be
identified with excitations of the Standard Model. The
problem with this approach is that it takes as fundamen-
tal the gauge structure of the Standard Model. Moreo-
ever it banishes the possibility of constructing a picture
where elementary particles arise not as representations of
some complicated gauge group but as topological struc-
tures from a simple underlying graph based substrate.
In this work we argue for a bottom-up approach where
the gauge fields and particles of the Standard Model are
not built into the model, a priori, but arise when one con-
siders the effective field theory of the many body degrees
of freedom that a graph possesses. In order to simplify
the setting we call upon the behavior of accelerated ob-
servers in general relativity which allows us to limit our
considerations to two-dimensional (planar) graphs rather
than graphs of arbitrary topology. Similar considerations
have recently been presented by Banks and Fischler [1].
The outline of this work is as follows. In Section II we see
how symmetry-reduced spin-networks serve as the basis
for describing the spacetime experienced by an acceler-
ated observer in an otherwise isotropic, homogenous, flat
background. In Section III we recall how the effective
field theory description, of the dynamics of a 2DEG (two-
dimensional electron gas) living on a graphene lattice, is
that of massless Dirac fermions in two-dimensions. In
Section IV we see how the presence of defects necessi-
tates the introduction of dynamic gauge fields which can
be identified with the gauge fields of the standard model.
2II. SYMMETRY REDUCED SPIN NETWORKS
& ACCELERATED OBSERVERS
Spin-networks are the natural arena for the microscopic
dynamics of quantum gravity, and provide us with the
lattice structure on which we can study models such as
the Hubbard model and its cousins. Indeed several au-
thors have taken concrete steps in that direction. The
general approach of studying the dynamics of various
condensed matter systems defined on static and dynamics
graphs is referred to as quantum graphity [2–8]. In gen-
eral, one can define a spin-network state on any graph
and it is unclear how one can bring this arbitrariness
under control, though see [3–5] for attempts at tackling
this question. One solution lies in considering symmetry
reduced graphs, i.e., those which satisfy foliation invari-
ance, and/or approximate rotational and translational
invariance as discussed in [3] which would allow us to
construct more complex graphs by taking suitable sums
of simpler sub-graphs.
The best known example of this can be found in the field
of Loop Quantum Cosmology (LQC), where the methods
of LQG are applied to understanding questions such as
the behavior of cosmological spacetimes in the vicinity of
singularities such as the “big bang” and the “big crunch”.
On the very largest scales the Universe is isotropic and
homogenous - this notion is supported by measurements
of the CMB spectrum[9, 10], by measurements of baryon
density oscillations, by galaxy surveys which determine
the large scale distribution of matter and also by nu-
merical simulation of cosmological structure formation.
The spin-network states, which are used to construct the
quantum versions of the Hamiltonian and Gauss con-
straints for a cosmological spacetime, are the so-called
symmetry reduced states first studied in this context by
Bojowald[11].
In Section I we will discuss the emergence of a 2 + 1 di-
mensional spacetime containing a gas of non-interacting
Dirac fermions as the low-energy effective excitations of
the system whose microscopic dynamics consists of “elec-
trons” hopping between vertices of a honeycomb lattice.
The Hamiltonian is that of the Hubbard model on the
honeycomb lattice at “half-filling” - i.e., with one elec-
tron at each vertex. The question then is, what role (if
any) can this model play in understanding the emergence
of a 3+ 1 dimensional spacetime? The existence of phe-
nomena associated with non-inertial observers in other-
wise flat spacetimes can allow us to tackle this question.
Let us consider an observer moving with a constant ac-
celeration in a particular direction which we take to be
the zˆ-axis for convenience. An observer at rest expe-
riences a local spatial geometry which obeys an SO(3)
symmetry (at macroscopic scales). The spacetime for
an accelerating observer develops a horizon which breaks
this symmetry down to the SO(2)×Z2, where the SO(2)
corresponds to the observers freedom to rotate in a plane
normal to the zˆ-axis, and Z2 corresponds to her freedom
to move along the positive or negative zˆ-axis, which can
also be seen as a discrete reflection symmetry across the
horizon. That the geometry of accelerated observers has
a preferred axis and exhibits cylindrical symmetry can
also be seen from the equivalence principle, according to
which such an observer experiences the same physics as
an observer in a uniform gravitational field whose direc-
tion defines the notion of upwards and downwards. The
preferred axis in such a setting is determined by the di-
rection in which freely-falling bodies appear to move in
the frame of an observer “at rest”.
Thus, in order to model the quantum geometry expe-
rienced by an accelerated observer, in an otherwise flat
spacetime, we need a spin-network which can be seen
to possess the symmetries of a spacetime experienced by
an accelerated observer - i.e., SO(2) × Z2. Such a spin-
network is easily furnished by the graph corresponding to
the graphite lattice - which consists of graphene sheets
stacked in layers on top of each other. Such a graph has
a natural symmetry axis normal to the planes contain-
ing graphene sheets and parallel to the direction of the
stacking. [illustration].
Now, a priori, we only need a graph with a “cylindrical”
symmetry. Any two-dimensional graphs - with structure
different from that of the honeycomb lattice of graphene
- stacked on top of each other would satisfy this require-
ment. However, there are several reasons to prefer the
honeycomb lattice. One reason is convenience. The anal-
ysis of the Hubbard model on the honeycomb lattice is
a well-understood problem and one can readily adopt
results obtained in the study of graphene to our spin-
network setting. A second reason is that of universality.
Of all the possible two-dimensional (planar) graphs, with
approximate rotational invariance, the honeycomb lattice
is singled out by a dynamical argument [12, 13]
III. EMERGENT LORENTZ INVARIANCE IN
GRAPHENE
Regardless of the true microscopic symmetries of quan-
tum geometry, what is relevant for our purposes is to
understand the ways in which Lorentz invariance can
emerge as a symmetry of the effective theory describ-
ing the low-energy, long-range excitations of quantum
geometry. The simplest such models are encountered in
the field of condensed matter. An example is the case
of graphene whose structure is given by a hexagonal or
honeycomb lattice.
Carbon atoms with sp3 hybridized orbitals form a hon-
eycomb lattice where each carbon atom is covalently
bonded to three neighboring atoms taking up three of the
four available orbitals. The fourth orbital is occupied by
the remaining carbon valence electron. Thus each site
in the lattice has a single electron - for a perfect lattice
3- with room for one more (each orbital can accommo-
date two electrons). Graphene is thus said to be at half-
filling, because the conduction band is half-filled, making
graphene an insulator or semiconductor at best.
The dynamics of the free electron fluid of graphene can be
understood by using to a first approximation the tight-
binding or Hubbard model Hamiltonian for interaction
between each carbon and its three nearest neighbors [14].
When the continuum limit of the resulting eigenvalue
equation is taken one finds that the quasiparticles obey
the Dirac equation for massless, spin 1/2 fermions.
The microscopic theory governing the inter-particle inter-
actions is given by the tight-binding Hamiltonian describ-
ing the interactions between fermions living on neighbor-
ing sites [14, 15]:
H = −t
∑
〈i,j〉,σ
(
a†i,σbj,σ + h.c.
)
− t′
∑
〈〈i,j〉〉,σ
(
a†i,σaj,σ + b
†
i,σbj,σ + h.c.
)
(1)
where the brackets 〈. . .〉 imply that the sum is over the
nearest-neighbors and 〈〈. . .〉〉 imply that the sum is over
the next-nearest neighbors. The graphene lattice is made
of two interpenetrating triangular lattices [illustration]
labeled A and B. The ladder-operators {a†i,σ, aj,σ} and
{b†i,σ, bj,σ} are the creation/annihilation operators for
sites on sublattices A and B respectively. t and t′ measure
the strength of the nearest-neighbor and next-nearest-
neighbor coupling respectively.
The band-structure for the Hamiltonian 1 is of the form
[15, 16]:
E±(k) = ±t
√
3 + f(k)− t′f(k) (2)
Here k = (kx, ky) is the wave-vector denoting points in
the momentum space and the function f(k) is given by:
f(k) = 2 cos
(√
3kya
)
+ 4 cos
(√
3
2
kya
)
cos
(
3
2
kxa
)
(3)
where a is the spacing between nearest-neighbors on the
hexagonal lattice. The Brillouin zon (BZ) of the honey-
comb lattice possess two points labeled K and K′, at
which the band energy vanishes E±(K) = E±(K
′) = 0.
Thus, after turning off the next-to-nearest neighbor inter-
action by setting t′ = 0, we can expand 2 around either of
these two points by writing the momentum as k = K+q,
where |q| ≪ |K|. Doing so, we obtain:
E±(q) ≃ ±vF |q|+O([q/K]2) (4)
where vF = 3ta/2 is called the Fermi velocity. This
shows that in the vicinity of the so-called “Dirac points”,
K,K′, the energy dispersion is that of massless fermions
whose dynamics would therefore be described by the
massless Dirac equation:
γµ∂µψ = 0 (5)
in 2 + 1 dimensions. Consequently excitations, near the
ground state of the many-body electron system on the
honeycomb lattice behave as, for all practical purposes,
particles which live in a flat 2+ 1 dimensional spacetime
and respect the (approximate) Lorentz symmetry of that
effective background geometry. Turning on the next-to-
nearest neighbor interaction (t′ 6= 0), shifts the spectrum
given in 4 by a constant amount, but does not modify
the its linear form:
E±(q) ≃ 3t′ ± vF |q|+O([q/K]2) (6)
Our quasiparticles are now described by the Dirac equa-
tion for massive fermions:
(γµ∂µ +m)ψ = 0 (7)
where m ∼ 3t′. Thus turning on the next-to-nearest
neighbor interaction breaks the electron-hole symmetry
near the Dirac points and generates a non-zero rest mass
for the quasiparticles.
In this manner, we see how the an (approximate) Lorentz
symmetry emerges in a discrete many-body system in
which such a symmetry was not present to begin with.
IV. ROLE OF DEFECTS
In Section II we discussed how accelerating observers ex-
perience a spacetime geometry whose microscopic struc-
ture can be identified with that of a honeycomb lattice.
In Section III we saw how the quasiparticle excitations of
particles hopping between various sites of this lattice can
be identified with massless (or massive if t′ 6= 0) Dirac
fermions in the low-energy limit. In Nature, one does not
expect to encounter perfect lattices. In fact, disorder in
the form of defects are essential for phenomena such as
the quantization of hall plateaus observed in the limits
of very strong magnetic fields and or very high carrier
concentrations [17]. One would expect that the honey-
comb lattices which describe the quantum geometry of a
horizon would also have defects. In fact, the presence of
defects is required if the horizons have any curvature. A
perfect honeycomb lattice can only define a flat manifold.
In order for the manifold to have positive (negative) cur-
vature, the lattice must have defects where hexagons are
replaced by pentagons (septagons).
The dual of the honeycomb lattice is a triangular lattice
L∗ which serves as a triangulation of the horizon. Curva-
ture is concentrated at the vertices of L∗ and is measured
by the deficit angle [illustration] around each vertex. In
the defect-free case, six equilateral triangles meet at each
vertex of L∗. The sum of the angles subtended by each of
4the six triangles at the vertex is
∑
i(v) θi = pi. Removing
a triangle reduces this sum pi − δθ and adding a triangle
increases this sum by some amount pi + δθ [illustrate].
δθ is referred to as the angular deficit or deficit angle
around the given vertex. If δθ > 0 (δθ < 0), the curva-
ture at the vertex is positive (resp. negative). Creating
a defect with positive (negative) curvature at a vertex
v ∈ L∗ corresponds to replacing the hexagon dual to v in
the honeycomb lattice L by a pentagon (resp. heptagon).
The simplest defects will correspond to replacing
hexagons by pentagons or septagons - i.e. destroying or
creating an edge in the graphene lattice. Since each edge
is shared by two hexagons, destroying or creating an edge
leads to the creation of pairs of pentagons or septagons.1
The presence of defects and disorder in the underly-
ing lattice induces an effective interaction between these
quasiparticles. This interaction can be modeled by the
introduction of a gauge field Aµ, as shown in [14], in the
Dirac equation description (5 and 7) of graphene quasi-
particles:
(γµ∇µ +m)ψ = 0 (8)
where ∇µ = ∂µ + igAµ is the gauge covariant derivative
operator, and g measures the strength of the gauge field.
However there will be interactions not only between pairs
of quasiparticles but also between quasiparticle-defect
pairs and defect-defect pairs. Interactions between de-
fects will induce terms in the effective action involving
the curvature Fµν of the emergent gauge field:
S =
∫
d3x ψ¯(γµ∇µ +m)ψ + FµνFµν (9)
Consequently, in addition to the Dirac equation, obtained
by varying S w.r.t. ψ, we would have another equation
which describes the dynamics of Aµ and is obtained by
varying S w.r.t. Aµ:
∇µFµν = jµ (10)
where jµ = igψ¯γµψ is the quasiparticle current.
Furthermore, the BZ of the graphene lattice possesses
a “valley symmetry” which requires the introduction of
“internal” indices for the gauge field leading us from an
abelian to a non-abelian setting Aµ → Aiµ, where the
gauge field now lives in the Lie-algebra of some gauge
group (SU(2) in the example discussed in [14]) and the
index i labels the generators of the gauge group.
Thus the presence of imperfections and defects in the
lattice describing the quantum state of geometry, auto-
matically leads to the following ingredients:
1 There is another way to create a defect. Cut the graphene lat-
tice starting at some vertex v0 and out to infinity. Then one can
either add or remove a slice of hexagons to create a conical sin-
gularity centered at v0 with either positive or negative curvature
respectively.
1. Quasiparticles (massless or massive) living in a
2 + 1 dimensional spacetime.
2. Lorentz invariance of the resulting system due to
the fact that quasiparticles satisfy the Dirac equa-
tion.
3. Gauge fields - both abelian and non-abelian
required to model interactions between quasiparti-
cles and lattice imperfections, and . . .
4. Gauge bosons which arise as the propagating de-
grees of freedom of the gauge field and which me-
diate interactions between pairs of defects.
In this manner we see how starting from a simple, dis-
crete many-body interacting system defined on a two-
dimensional lattice, we obtain all the ingredients required
for modelling both particles and the gauge fields which
mediate interactions between them. With suitable ad-
justments it is quite possible that one might even be able
to obtain something resembling the structure of the stan-
dard model starting from such a basic framework. This
would provide us with a concrete avenue to integrate the
standard model with the spin-network picture of quan-
tum geometry inherited from the LQG approach.
One can reverse the above reasoning to argue that turn-
ing on a magnetic field in a vacuum in a flat spacet-time
leads to the creation of defects in the hexagonal spin-
network which describes the flat geometry in the absence
of a magnetic field. These defects change the ground
state of the geometry of this vacuum. It is reasonable
to assume that the area density of geometric defects in-
creases with the increasing density of magnetic flux. Sec-
ondly, in a lattice all defects have some finite size. At
small magnetic fields the number of defects is small and
their dynamics is that of a dilute weakly interacting gas.
However, as we turn up the magnetic field strength the
number of defects proliferates and at some critical field
strength BC the defects will sufficient overlap such that
they must condense to form a defect fluid. Such a picture
has also been utilized by Maxim Chernodub [18–20] in de-
veloping an understanding of the spontaneous formation
of a rho-meson condensate in an empty spacetime in the
presence of very strong (1016 Tesla) magnetic fields.
On a more speculative note, these considerations also
open up the possibility that gauge fields could be used to
manipulate the geometry of a given region of spacetime.
One can imagine a situation where a defect condensate
could serve to divide a spacetime region into two or more
regions. The two-dimensional surface itself would con-
tain the defect condensate. However, the gauge fields
generated by the defect fluid would necessarily permeate
into the surrounding three-dimensional neighbourhood.
If these gauge fields can be identified with those which
describe the dynamics of the gravitational fields in the
LQG framework, then it follows, that the geometry of the
three-dimensional neighbourhood of the surface would
necessarily be perturbed by such induced gauge fields. In
5this way, one can imagine constructing concrete, experi-
mentally realizable systems which exhibit holographic be-
haviour in the laboratory. Though, it sounds far fetched
at the present moment, such systems could conceivably
be utilized to construct so-called anti-gravity devices de-
picted in the science fiction literature. Whether or not
something of this sort is theoretically possible, let alone
experimentally feasible, requires far more investigation.
Author’s note: Just prior to the posting of the first
version of this article on arXiv, two articles [21, 22], in-
vestigating the phenomenological consequences of defects
in spacetime arising from an underlying non-geometric
theory of gravity, were posted on arXiv. Though there is
likely to be significant thematic overlap between our work
and these papers, our ideas were developed independently
and separately from those in the mentioned works. Taken
together, the present work and [21, 22] provide investiga-
tions into the same question from two different perspec-
tives and thus are likely to complement each other.
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